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We have studied helicity dependent photocurrent (HDP) in Bi-based Dirac semimetal thin films.
HDP increases with film thickness before it saturates, changes its sign when the majority carrier
type is changed from electrons to holes and takes a sharp peak when the Fermi level lies near
the charge neutrality point. These results suggest that irradiation of circularly polarized light to
Dirac semimetals induces an effective magnetic field that aligns the carrier spin along the light spin
angular momentum and generates a spin current along the film normal. The effective magnetic
field is estimated to be orders of magnitude larger than that caused by the inverse Faraday effect
(IFE) in typical transition metals. We consider the small effective mass and the large g-factor,
characteristics of Dirac semimetals with strong spin orbit coupling, are responsible for the giant
IFE, opening pathways to develop systems with strong light-spin coupling.
Conservation of the spin angular momentum plays an
essential role in the interaction between light and electron
spin in solids. The optical selection rule, i.e., the Fermi’s
golden rule, sets the transition rate of electrons from the
ground state to the excited state upon light irradiation.
Exploiting the selection rule, one can excite spin polar-
ized carriers in semiconductors[1–4] or in systems with
spin-momentum locked bands[5–10]. It is generally un-
derstood that the efficiency to excite such carriers is the
largest when the light energy is close to the energy band
gap of the system.
Significant light induced effects have also been ob-
served in metals, where there is no band gap. For ex-
ample, application of ultrashort polarized laser pulses
to magnetic thin films allows manipulation of the
magnetization[11–13] and can lead to light induced mag-
netization switching[14, 15]. In many cases, the ori-
entation of the magnetization is defined by the helic-
ity of circularly polarized light. Recent studies have
shown that irradiation of ultrashort laser pulses to fer-
romagnetic metal/heavy metal bilayers results in emis-
sion of electromagnetic waves in the THz range[16–18].
In this case, linearly polarized light is typically used to
generate THz signals. Although the underlying mech-
anism of all optical switching and THz emission is un-
der debate, two different processes are considered to con-
tribute to the effects[19–22]. The optical spin transfer
torque is a direct transfer of spin angular momentum
from light to electrons[23], while the inverse Faraday ef-
fect (IFE) can be considered equivalent to applying an
effective magnetic field associated with circularly polar-
ized light[12, 14, 15, 24]. As the light intensity required
to observe these effects are extremely large, means to
increase their efficiencies are being sought.
Here we show, from helicity dependent photocurrent
measurements, that irradiation of circularly polarized
∗ Equally contributed
light to Bi-based Dirac semimetals[25–27] induces a gi-
ant effective magnetic field along the light spin angular
momentum. The experimental results suggest that the
effective magnetic field peaks at the Dirac point with its
maximum being significantly larger than that of typical
transition metals induced by the IFE. We consider the
giant IFE is due to the unique characteristics of carriers
in Dirac semimetals.
Semimetal thin films are deposited on SiO2 substrates
using RF magnetron sputtering. Here we show represen-
tative results from Bi, Bi1−xSbx alloy, Sn- or Te-doped
Bi thin films with a thickness of t (see supplementary
material for the details of sample preparation and device
characterization). A seed layer of 0.5 Ta/2 Cu (thick-
ness in nm) is inserted for the Bi1−xSbx alloy film. The
influence of the seed layer on the photocurrent will be
discussed elsewhere. A metal shadow mask is inserted
between the substrate and the sputtering target to form
a wire[28].
Schematic illustration of the experimental setup and
the coordinate axis are shown in Fig. 1(a). We measure
the photocurrent of the wire made of semimetal thin films
while illuminating light through a quarter wave plate.
A continuous wave semiconductor laser light with wave-
length λ and power P is used as the light source. θ
and φ are the polar and azimuthal angles of the light
incidence. The quarter wave plate is rotated to change
the light helicity. The incident light is linearly polar-
ized when α = 0◦, 90◦, 180◦, 270◦ and circularly polar-
ized when α = 45◦, 225◦ (left handed) and 135◦, 315◦
(right handed). The left (right) handed circularly polar-
ized light has an angular momentum of ~ against (along)
the light propagation direction, where ~ is the reduced
Planck constant.
Representative results of the photocurrent are plotted
in Figs. 1(b) and 1(c) as a function of α for Bi thin film
(t ∼70 nm). The incident angle θ is fixed to ∼ 45◦ and
φ ∼ 90◦ for Fig. 1(b) and φ ∼ 0◦ for Fig. 1(c). A large
helicity dependent photocurrent (period of 180◦) is found
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FIG. 1. (a) Schematic illustration of the experimental setup
and definition of the coordinate axis. The yellow line on the
substrate represents the wire made of the film. Light is ir-
radiated from an angle (θ, φ) as defined in the image. (b,c)
Bottom panels: The quarter wave plate optical axis angle
(α) dependence of the photocurrent (I) for Bi thin film with
t ∼ 70 nm. φ ∼ 90◦ (b) and φ ∼ 0◦ (c). θ is fixed to ∼ 45◦.
The solid circles represent experimental data, the orange solid
line shows fit to the data with Eq. (1). The red solid, purple
dotted and green dashed lines show contributions from the C,
L1, and L2 terms, respectively. (b,c) Data are obtained using
λ = 405 nm and P ∼ 2.5 mW.
when φ ∼ 90◦ whereas the effect is negligibly small when
φ ∼ 0◦. The α dependence of the photocurrent is fitted
with the following function[5, 7]:
I =C sin 2(α+ α0)
+ L1 sin 4(α+ α0) + L2 cos 4(α+ α0) + I0
(1)
where C represents the difference in the photocurrent
when left and right handed polarized light are illumi-
nated. L1 and L2 are the changes in the photocurrent un-
der illumination of circularly and linearly polarized light.
The last term I0 is a constant term that is independent
of α. α0 is an offset angle associated with the optical
setup and is ∼ −1◦ here. The fitting results are shown
using the orange solid line in Figs. 1(b) and 1(c). Large
contribution from the C term (red solid line) is found for
φ ∼ 90◦ whereas the L2 term (green dashed line) domi-
nates for φ ∼ 0◦. We focus on the characteristics of C,
obtained using φ ∼ 90◦, hereafter.
The incident angle θ dependence of C is shown in
Fig. 2(a). C is normalized by its maximum absolute value
obtained at θ ∼ ±45◦. The θ dependence of the nor-
malized C can be accounted for with a functional form
Pa sin θ, which is shown by the solid line in Fig. 2(a). Pa is
the absorbance of the circularly polarized light calculated
for a Bi thin film in contact with air (the optical constants
of Bi are obtained experimentally that are consistent with
previous report[29]). sin θ represents the in-plane compo-
nent of the light spin angular momentum. These results
show that the in-plane component of the light spin an-
gular momentum plays an essential role in setting the
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FIG. 2. (a) The light incident angle (θ) dependence of the
helicity dependent photocurrent C with φ ∼ 90◦ for ∼ 30 nm
thick Bi thin film. C is normalized by its maximum value
obtained at θ ∼ ±45◦. The solid line shows the calculated θ
dependence of Pa sin θ. (b) The Bi layer thickness (t) depen-
dence of C for Bi thin film. The inset shows the corresponding
t dependence of the transmission coefficient (T ). (c) C vs. t
for Cu-seeded Bi1−xSbx thin films. The Sb concentration (x)
is denoted in the box. (b,c) The lines are guides to the eye.
Data are obtained using θ ∼ 45◦, φ ∼ 90◦. (d) x dependence
of maximum C (Cmax) obtained from (c). (a-d) Laser with
λ = 405 nm and P ∼ 2.5 mW is used to obtain the data.
helicity dependent photocurrent. From hereon, we dis-
cuss results obtained using θ ∼ 45◦.
The Bi layer thickness (t) dependence of C is shown
in Fig. 2(b). We find C increases with t and tends to
saturate at larger t. Such thickness dependence suggests
that a large part of the photocurrent is generated within
the bulk of the film. To highlight the unique character-
istics of Bi, we have studied photocurrent in Bi1−xSbx
thin films. Although Bi-rich Bi1−xSbx alloy is known as
a three-dimensional topological insulator[30], we consider
it unlikely that the films grown by sputtering host topo-
logical surface states given the polycrystalline structure
of the films[31]. The t dependence of C for Bi1−xSbx thin
films are presented in Fig. 2(c). In all structures except
for x ∼ 0.75, whose C is nearly zero, C increases with
t until it saturates. The maximum value of C for each
structure is defined as Cmax: Cmax is plotted as a function
of x in Fig. 2(d). Cmax decreases with increasing x. Inter-
estingly, the x dependence of Cmax resembles that of the
spin Hall conductivity of Bi1−xSbx alloy[31, 32]. These
results thus suggest that spin current plays an important
role in the generation of helicity dependent photocurrent.
Based on the results presented in Fig. 2, we consider
the generation of helicity dependent photocurrent in-
volves two processes: (1) light induced generation of spin
density and (2) conversion of the spin density to charge
current. A schematic illustration of the two processes
is sketched in Fig. 3(a). In the first process, a circu-
larly polarized light induces spin density, an imbalance
3in the electron population with spin angular momentum
pointing parallel and antiparallel to the light propaga-
tion direction. Assuming that the spin density scales
with the light absorbance, the finite penetration depth
(λp) of light into the semimetal causes a gradient in the
spin density along the film normal. See Fig. 2(b) inset
for a representative thickness dependence of the trans-
mission coefficient (T ) of Bi thin film, which is roughly
proportional to the light absorbance. We find λp ∼ 10
nm for Bi. The spin density gradient induces a spin cur-
rent along the film normal, which in the second process
is converted to charge current via the inverse spin Hall
effect (ISHE)[33]. Under the ISHE, the charge current
along i (ji) is expressed as
ji = θSHen(vσ × σ)i, (2)
where θSH is the spin Hall angle, e is the elementary
charge (e > 0), n is the carrier density, σ is a vector that
represents the spin angular momentum of the carriers and
vσ is the velocity of the carriers with spin σ. vσ is de-
fined as vσ = −µ∇(
uσ
2e
), where µ is the carrier mobility
and uσ is the chemical potential of carriers with spin σ.
For a reason that will be discussed later, we assume that
σ points along, or against, the light propagation direc-
tion (l). Since vσ is parallel to the light intensity gradient
(along z in Fig. 3(a)), |jx| scales with the in-plane com-
ponent of l and takes a maximum when the y-component
of l is the largest (i.e. when φ = 90, 270◦). These features
are consistent with the θ and φ dependences of C.
To clarify how the electronic structure of Bi influences
the generation of helicity dependent photocurrent, we
have doped Bi with Sn and Te to vary the carrier concen-
tration and change the position of the Fermi level with
respect to the Dirac point[27, 34]. Figure 3(c) shows
the nominal doping concentration (x) dependence of the
difference of the electron density (ne) and hole density
(nh), ∆n ≡ ne − nh, of Sn-doped Bi (Bi1−xSnx) and Te-
doped Bi (Bi1−xTex) thin films. Note that for pure Bi,
the number of electrons and holes are equal due to the
charge neutrality condition and the carrier concentration
(n = ne+nh) of the films is ∼ 1.1− 1.2× 10
25 m−3. The
majority carrier type of Sn- and Te-doped Bi is holes and
electrons, respectively. For both systems, |∆n| decreases
with decreasing x. In contrast, the mobility (µ), shown
in Fig. 3(d), sharply increases as x is reduced, taking a
peak at x ∼ 0.
The inset of Fig. 3(e) shows the x dependence of C
divided by the laser power P . We find that the sign of C
reverses as the majority carrier type is changed from elec-
trons to holes. The sign change in C across x ∼ 0 can
be understood if we assume the inverse Faraday effect
(IFE) is responsible for the generation of light induced
spin density. In this process, circularly polarized light
acts as an effective magnetic field (heff), which is parallel
(antiparallel) to l for right (left)-handed circularly po-
larized light. Application of heff will align the magnetic
moment (m) of the carriers along heff . Consequently, the
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FIG. 3. (a,b) Schematic illustration of light induced spin
density. The in-plane component of the spin angular momen-
tum (σ) of the electrons (a) and holes (b) is sketched using
the arrows that thread the yellow spheres when a right-handed
circularly polarized light is irradiated to the film. The gra-
dient in the spin density causes carriers to diffuse along the
film normal with velocity (vσ) and generates a spin current
js. js is converted to charge current (j) via the ISHE. heff
represents the y-component of the light induced effective mag-
netic field (heff). (c,d) Doping concentration (x) dependence
of the difference of the electron density (ne) and hole density
(nh), ∆n ≡ ne − nh (c), and the mobility (µ) (d) of Sn-
doped Bi (Bi1−xSnx) and Te-doped Bi (Bi1−xTex) thin films
with t ∼ 65 − 70 nm. Red squares: Bi1−xSnx, blue circles:
Bi1−xTex, black diamond: Bi. The open symbols represent
results from thin films with lightly doped Bi. (e) C/P plot-
ted against ∆n for all the structures shown in (c,d). The solid
line is guide to the eye. The inset shows the x dependence
of C/P . Laser with λ = 405 nm and P ∼ 2.5 mW is used
to obtain the data. (f) Wavelength dependence of C/P for
Bi thin film with t ∼ 65 nm (P ∼ 2.5 mW). (e,f) Data are
obtained using θ ∼ 45◦, φ ∼ 90◦.
spin angular momentum (σ) of the electrons will point
opposite to heff whereas that of the holes will be parallel
to heff . Theoretical study shows that the sign of θSH for
electron and hole doped Bi is the same[32]. Thus change
in the majority carrier from electrons to holes causes σ
in Eq. (2) to reverse its direction, resulting in C with
opposite sign (see Figs. 3(a) and 3(b) for a schematic il-
lustration). (For the Te-doped Bi thin films, the sign of C
changes at x ∼ 0.04, which coincides with x where a rapid
increase in the carrier concentration is found. We con-
sider the system becomes degenerate and contributions
from other bands influence C in this regime (x ≥ 0.04).)
From the magnitude of C, we first provide a rough es-
timate of the light induced spin density per unit volume
4(ns). ns can be obtained from NF, the density of states
at the Fermi level, and us, the difference in the chemical
potential of carriers with σ parallel and antiparallel to
the in-plane component of l, via the relation ns = NFus.
As a first order estimation, we assume that us varies lin-
early from us,max at the surface of the semimetal to 0 over
a distance (λs,p) set either by the larger of the spin dif-
fusion length (λs) and the light penetration length (λp).
Consequently, a spin current of js =
σxxus,max
2eλs,p
[35] flows
along the film normal, where σxx is the electrical conduc-
tivity of the semimetal. The resulting charge current due
to the ISHE (Eq. (2)), equivalent to C obtained in the ex-
periments, is calculated by multiplying js with λs,pwθSH,
where w is the width of the wire. The maximum ns
induced at the surface of the semimetal layer (ns,max)
therefore reads
ns,max ∼
2eNFC
σxxθSHw
. (3)
Substituting C ∼ 1 nA, w ∼ 0.4 mm, σxx ∼ 1.3 × 10
5
(Ω−1 m−1) and NF ∼ 1.4× 10
28 (eV−1 m−3)[36] for Bi,
we find
ns,max
P/S ∼
4.5×1013
θSH
(W−1 m−1), where S is the
laser irradiation area. Even with a spin Hall angle of
∼ 1[31],
ns,max
P/S is three to four orders of magnitude larger
than that of typical transition metals[17, 19, 21].
The ∆n dependence of C is presented in Fig. 3(e).
Clearly, C takes a maximum at ∆n ∼ 0. As the elec-
tron and hole densities are the same for Bi, however, C
should be zero at ∆n ∼ 0 if the scenario sketched in
Figs. 3(a,b) applies. To account for these results, we de-
velop a toy model (a rigid band model is assumed under
Sn/Te doping). As illustrated in Fig. 4(a), the Fermi
level of Bi (∆n ∼ 0) lies above the Dirac point at the
L valley. The L valley supplies electrons that contribute
to transport whereas the T valley provides holes[34, 37].
Assuming that carriers in each valley contribute to C in-
dependently, we obtain C by summing all contributions
(and taking into account that the signs of C due to elec-
trons and holes are opposite):
C ∼ CL,e− − CL,h+ − CT,h+ , (4)
where Cv,c represents C due to carrier type c (e
−: elec-
trons. h+: holes) at valley v (L or T ). (Note that the
T valley only accommodates holes). We assume that the
spin density is equal to the product of the Zeeman en-
ergy and NF for each valley, i.e., ns,max ∼ µBgeffheffNF,
where µB, geff and heff are the Bohr magneton, the effec-
tive g-factor and the y-component of heff , respectively.
Using Eq. (3), Cv,c can be expressed as
Cv,c ∼
µBw
2e
(
heffgeffσSH
)∣∣
v,c
, (5)
where σSH ≡ σxxθSH is the spin Hall conductivity.
Theoretical calculations suggest that σSH is larger for
the electrons in the L valley than that of the holes in the
T valley[32, 37]. Such difference breaks the electron-hole
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FIG. 4. (a) Schematic illustration of the electronic band
structure of Bi at the L valley. EF denotes the Fermi level
of Bi. (b-d) Fermi level position dependence of the product
of the light induced effective magnetic field (heff) and the g-
factor (geff), heffgeff (b), spin Hall conductivity σSH (c) and
the helicity dependent photocurrent C (d) calculated using
Eqs. (4) and (5). Red and blue solid lines in (c,d) indicate
contribution from electrons and holes in the L valley. ∆ indi-
cates the width of the heffgeff peak.
symmetry of C at ∆n ∼ 0: we neglect contribution from
CT,h+ hereafter. Calculations also indicate that σSH of
the carriers in the L valley is nearly constant across the
Dirac point[32]. We thus assume σSH is constant for the
majority carriers and scales with the carrier density for
the minority carriers, as shown in Fig. 4(c) (see supple-
mentary material for the details). The calculated ∆n
dependence of C is presented in Fig. 4(d). We find the
experimental results are best described if heffgeff takes
a peak at the Dirac point and its width is close to the
energy difference between the Dirac point and the Fermi
level of Bi, as sketched in Fig. 4(b). Note that the peak
width of heffgeff , defined as ∆ in Fig. 4(b), roughly de-
fines the position of C maximum; see Fig. 4(d).
In the calculation, we adjust the peak value of heffgeff
so that the maximum C at ∆n ∼ 0 is ∼ 1 nA (θSH ∼ 1
is assumed), in accordance with the experiments. Past
studies have shown that the electrons in the L valley pos-
sess large geff , of the order of ∼100 to ∼1000[38] owing
to its small effective mass and large spin orbit coupling.
Even with geff ∼ 1000, which is unlikely given the poly-
crystal texture of the films used here, the estimated heff
(∼ 4×10−9 T under light intensity of ∼ 1.3×104 W/m2)
is one to two orders of magnitude larger than that of typ-
ical transition metals caused by the IFE[17, 19, 21]. Thus
the large heffgeff at the Dirac point is likely due to contri-
butions from both heff and geff . geff may follow the ∆n
dependence of mobility µ (Fig. 3(d)) via changes in the
5carrier effective mass. Similarly, heff may scale with the
inverse of the carrier effective mass, as recent calculations
suggest[22]. We thus consider the unique characteristics
of the Dirac semimetals with strong spin orbit coupling,
i.e., small effective mass and large g-factor, cause the gi-
ant IFE in Bi. Note that in the experiments, we find a
dip in C right above ∆n ∼ 0, which cannot be accounted
for with this model. To fully describe the experimental
results, we infer that influence of carrier density on C
must also be taken into account.
Theoretical calculations show that the strength of IFE
increases with increasing light wavelength (λ)[19, 21].
Figure. 3(f) shows the λ dependence of C for Bi thin film
(∆n ∼ 0). As the light power (P ) depends on λ (see sup-
plementary material), C is normalized by P . Although
the range of λ studied here is limited, C/P tends to in-
crease with increasing λ. It remains to be seen whether C
will further increase when the light energy becomes close
to band gap of Bi. See supplementary material for dis-
cussion on contributions to the photocurrent from other
sources.
In summary, we have shown that a giant light induced
effective magnetic field emerges in Dirac semimetals. A
spin density that scales with the light intensity is cre-
ated by the IFE, causing a spin current along the film
normal. The spin current is converted to charge cur-
rent via the ISHE, giving rise to HDP. The carrier trans-
port characteristics of Dirac semimetals with strong spin
orbit coupling are responsible for the giant IFE. These
results demonstrate the unique optical response of Dirac
semimetals that can be exploited to develop systems with
strong light-spin coupling.
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